Objective: Alzheimer disease (AD) and frontotemporal lobar degeneration (FTLD) are hypothesized to cause clinically distinct forms of primary progressive aphasia (PPA) that predominantly affect expressive speech. AD is thought to cause logopenic progressive aphasia (LPA), and FTLD may cause progressive nonfluent aphasia (PNFA). We sought to determine the value of clinical characterization, neuropsychological analysis, and MRI atrophy in predicting pathology of LPA and PNFA.
Primary progressive aphasia (PPA) represents a group of clinical syndromes that involve progressive decline in language functions. [1] [2] [3] Clinically, 3 forms of progressive aphasic disorders are recognized: progressive nonfluent aphasia (PNFA) with dysfluency and agrammatism; logopenic progressive aphasia (LPA) with nonfluent speech and word-finding pauses; and semantic dementia (SemD) with fluent speech but impaired object knowledge. 2, 4, 5 Patients with PNFA and LPA have reduced fluency (word output per minute), and can be considered to have a nonfluent form of PPA in comparison to SemD. Some clinicopathologic analyses have suggested that each nonfluent PPA syndrome marks a specific pathologic substrate. For example, FTLD-tau pathology underlies PNFA, [6] [7] [8] while Alzheimer disease (AD) causes LPA. 4, [9] [10] [11] At the same time, PNFA can result from AD in clinicopathologic series, 6, 12 and FTLD has been implicated in LPA. 11 Therefore, significant pathologic heterogeneity exists within each nonfluent PPA syndrome, and improved diagnostic biomarkers remain necessary.
In addition to clinical features, patterns of neuropsychological impairment 13 and brain atrophy 10 may be useful antemortem assessments for AD or FTLD. Relative differences in impairment across neuropsychological tests persist throughout disease in patients with clinically defined PNFA or LPA and autopsydefined FTLD or AD, 13 and PNFA and LPA are associated with distinct patterns of MRI cortical atrophy. 4 However, it is unclear if any of these features is useful in the prediction of underlying pathology at the individual patient level. We examined the value of these modalities-individually and in combination-in predicting AD pathology or CSF biomarkers underlying LPA and PNFA.
METHODS Protocol approval, registration, and patient consent. All patients were recruited from the Department of Neurology at University of Pennsylvania School of Medicine. Protocols were approved by the Institutional Review Board, and written informed consent was obtained from all patients and designated guardians.
Subjects. All patients with the diagnosis of LPA or PNFA were included if they underwent antemortem diagnostic lumbar puncture (n ϭ 36) or had neuropathologic analysis at autopsy (n ϭ 8; 4 also underwent lumbar puncture). Four patients with LPA and AD pathology at autopsy were not included for this study as they did not undergo detailed neuropsychological and high-resolution MRI analysis. All patients were evaluated prospectively by a neurologist with expertise in progressive aphasic syndromes (M.G.). Nineteen patients with LPA and 19 with PNFA were identified. Clinical diagnosis was based on modified published criteria. 2, 3, 10 PNFA is diagnosed when there is effortful speech with agrammatism, dysarthria with or without apraxia of speech, and preserved word and object knowledge. LPA is diagnosed when there are significant word-finding pauses, impaired naming, impaired sentence repetition, and preserved word and object knowledge. The diagnosis of each patient was confirmed through a consensus mechanism. The 2 groups were similar in gender, age at onset, and disease duration at time of evaluation (table 1) . Neuropsychological testing assessed language, memory, and executive and visual domains during the initial clinical visit as described previously (table 1) . 13 CSF was obtained at the time of clinical evaluation, 14 and analyzed in duplicate using a sandwich ELISA for total tau (Innogenetics, Belgium) and A␤ 1-42 levels. A CSF tau:A␤42 ratio cutoff of 1.05 was predictive of AD pathology in our previous clinicopathologic cohort, achieving a sensitivity of 78.9% and specificity of 96.6% in distinguishing AD from FTLD.
14 Thus, we included the CSF tau: A␤42 ratio as an AD biomarker for patients without autopsy confirmation (n ϭ 30).
Voxel-based morphometry analysis. High-resolution volumetric MRI was obtained in a subset of patients with LPA (n ϭ 12) and patients with PNFA (n ϭ 11) at the time of CSF and neuropsychological evaluation, and in age-and gender-matched cognitively normal controls. Images were acquired by a Siemens Trio 3-T MRI scanner. High-resolution axial T1-weighted 3-dimensional spoiled gradient echo images were acquired with repetition time ϭ 1,620 msec, echo time ϭ 3 msec, slice thickness ϭ 1.0 mm, flip angle ϭ 15 o , matrix ϭ 192 ϫ 256, and in-plane resolution ϭ 0.9 ϫ 0.9 mm. Brain volumes were normalized to the MNI template and segmented using the segmentation algorithm implemented in SPM5 (http://www.fil.ion.ucl.ac.uk/spm5/). Statistical comparisons of modulated gray matter volumes were conducted using a 2-sample t test in SPM5. After anatomic brain regions distinguishing between the 2 pathologic causes of nonfluent PPA were identified, the volume for each region was calculated by multiplying average signal intensity in the segmented brain region and template volume for that region. A ratio of adjusted volumes in regions reflecting AD or non-AD grouping membership (region atrophic in non-AD:region atrophic in AD) was calculated in each individual to account for relative atrophy pattern and interindividual intensity differences. Other patients underwent routine clinical diagnostic MRI, which were visually inspected to ensure that there was no alternate cause of PPA, although these images did not have sufficient spatial resolution to support volumetric analysis.
Neuropathologic examination. Eight patients (4 LPA, 4 PNFA) had detailed neuropathologic examination at autopsy. As described previously, 13 each case was examined by 2 boardcertified neuropathologists (M.S.F., J.Q.T.) with extensive experience in neurodegenerative disorders. Neuropathologic diagnoses were established according to consensus criteria, [15] [16] [17] [18] with immunohistochemistry for phosphorylated tau (PHF1; Dr. P. Davies) 19 ; ␤-amyloid (4G8; Senetek, Maryland Heights, MO); ␣-synuclein (Syn303) 20 ; and TDP-43 (PolyTech, Chi- cago, IL). Semiquantitative ratings (0 ϭ absent, 1 ϭ mild, 2 ϭ moderate, and 3 ϭ severe) were used to assess the density of senile plaques, as well as tau-positive, ␣-synuclein-positive, and TDP-43-positive lesions.
Statistical analysis. Statistical analysis was performed using SPSS 12.0 (Chicago, IL) unless otherwise specified. 2 
test and
one-way analysis of variance were used to evaluate demographic features and neuropsychological performance. Neuropsychological measures were converted to Z scores in each individual relative to 55 age-matched and education-matched healthy control subjects. With such a conversion, relative performance could be compared across measures of different length and difficulty to derive significant deficits. For clinicopathologic prediction, results from univariate analyses were integrated to create a multimodal scale with higher values suggestive of AD. For qualitative clinical characterization, features associated with AD (word-finding pauses, circumlocution, memory complaints) were each assigned a value of 1, and features associated with non-AD (effortful speech and agrammatism) were each assigned a value of Ϫ1; the sum of these scores formulated the composite clinical score. Neuropsychological raw scores were converted to Z scores. A composite neuropsychological score was created by subtracting BNT Z score (worse performance in AD) from the FAS Z score (worse performance in non-AD). For brain atrophy, a composite imaging score was derived by the ratio of volume in regions uniquely associated with atrophy in FTLD-inferior prefrontal cortex (Brodmann area [BA] 47) and insula-to volume in regions uniquely associated with atrophy in AD-angular gyrus (BA 39)-as defined by an automated atlas. 21 Each score was individually analyzed in a receiver operating characteristic (ROC) curve analysis to derive the optimal cutoff for predicting AD pathology or CSF biomarker pattern. After ROC analysis of each predictor, combinations of 2 factors and all 3 factors were further tested in ROC analyses by summing predictor values. Areas under the curve (AUC) were compared across predictor combinations to derive the optimal sensitivity and specificity for predicting AD pathology of CSF biomarker.
RESULTS Clinical, neuropsychological, and imaging analyses in syndromic LPA and PNFA. The clinical characteristics of patients with LPA and patients with PNFA reflected their syndromic diagnosis, although there were overlapping features (figure 1). Syndromic diagnosis alone (LPA) has limited sensitivity (66.7%) and specificity (65%) for AD pathology or CSF biomarkers. Word-finding pauses ( 2 ϭ 7.134, p ϭ 0.019), impaired naming ( 2 ϭ 5.700, p ϭ 0.042), and circumlocution ( 2 ϭ 3.800, p ϭ 0.103) were more common in LPA. Dysarthria ( 2 ϭ 10.378, p ϭ 0.02), effortful speech ( 2 ϭ 19.760, p Ͻ 0.001), and agrammatism ( 2 ϭ 13.328, p ϭ 0.001) were more common in PNFA.
Neuropsychological evaluation revealed that, as a group, patients with LPA performed worse on delayed recall than patients with PNFA (F ϭ 5.59, p ϭ 0.024, table 1), and patients with PNFA performed worse on letter-guided category naming fluency than patients with LPA (F ϭ 5.419, p ϭ 0.027, table 1).
Analyses of MRI largely replicated reported differences between patients with LPA and patients with PNFA when compared with age-and gender-matched cognitively normal subjects. As a group, patients with LPA had cortical atrophy throughout the left temporal and parietal regions extending into the insula (table e-1 on the Neurology ® Web site at www.neurology.org). Patients with PNFA had cortical atrophy most prominently along the left Sylvian fissure, and particularly involved anterior regions (table e-1).
Pathologic and biomarker analysis. Analysis of these 38 patients revealed that AD and non-AD pathology each contributed to the clinical syndromes of LPA and PNFA. Among 19 patients with LPA, 12 (63.2%) had CSF biomarker (n ϭ 11) or autopsy findings (n ϭ 2, 1 with both autopsy and CSF) consistent with AD (LPA-AD, table 2). Among the rest of the patients with LPA, 2 had autopsy confirmation of FTLD-TDP (1 with a mutation in the progranulin gene). Patients with LPA with FTLD-TDP (LPA-FTLD) had higher lesion density in the temporal neocortex and angular gyrus compared to the frontal neocortex, but this pattern was not seen in AD (table e-2). The remaining patients had CSF biomarker patterns inconsistent with AD. All 19 patients with PNFA had CSF analysis (table 2), with 6 patients (31.6%) having CSF tau: A␤42 ratio Ͼ1.05 (PNFA-AD, none with autopsy). Of the remaining 13 patients with PNFA, 3 had autopsy-confirmed FTLD (2 with CBD and 1 with PSP), and 1 had Lewy body disease, which is a rare cause of PNFA in our center. Overall, 13 patients with PNFA (68.4%) had autopsy or CSF biomarker findings that are not consistent with AD pathology (PNFA-FTLD, Neuropsychological analysis according to AD pathology or CSF biomarker pattern showed that patients with AD performed worse in confrontation naming (F ϭ 6.060, p ϭ 0.019), and patients with FTLD performed worse in letter-guided fluency (F ϭ 3.402, p ϭ 0.075). This is in keeping with our previous observation that pathologic AD cases performed worse in confrontation naming than in letter-guided fluency over time, regardless of the clinical syndromic diagnosis, with patients with FTLD having the opposite pattern. 13 Given the group-level differences, we formulated a composite neuropsychological score by subtracting the Z score of confrontation naming from the Z score of letter-guided fluency for ROC analysis.
A subset of patients (6 LPA-AD, 6 LPA-FTLD, 5 PNFA-AD, 6 PNFA-FTLD) had high-resolution MRI studies for voxel-based morphometry (VBM) analysis (figure 2). VBM analysis showed that AD pathology or CSF biomarkers were associated with atrophy in the left temporal-parietal regions (green regions in figure 2 , peak voxels in BA 7, 21, 37, 39, 40, p Ͻ 0.05, familywise error-corrected). FTLD pathology or biomarkers were associated with significant atrophy in the bilateral frontotemporal regions including left insula and BA47 (red regions in figure 2 , table e-1). Analysis based on autopsy findings or CSF biomarkers associated atrophy in BA 37 (angular gyrus) with AD, and atrophy in left insula and BA 47 (inferior prefrontal cortex) with FTLD. Ratio of atrophy in these regions (insula ϩ BA47:BA37) was used to create the composite atrophy score for each individual.
Multimodal clinicopathologic prediction in LPA and
PNFA. Finally, we assessed the value of combining the 3 scales to predict AD pathology or CSF biomar- prediction of AD when combined with clinical characterization or high-resolution neuroimaging analysis. We discuss these findings below. Previous observations hypothesized a direct syndrome-pathology relationship within subgroups of PPA. According to this hypothesis, LPA is a marker of AD and PNFA is a marker of FTLD-tau. Exactly what proportion of patients with LPA have AD pathology at autopsy remains to be confirmed in large clinicopathologic series. In 1 study, 7/11 clinically diagnosed patients with LPA had AD pathology, with the remaining showing FTLD-TDP pathology. 11 We found a similar proportion of patients with LPA with AD pathology or CSF biomarker, plus 4 patients with LPA and AD at autopsy who were excluded from this study due to absence of detailed neuropsychological and MRI data. Thus, among those with autopsy findings, we confirmed that LPA itself is pathologically heterogeneous, with a high proportion of cases showing pathologic findings of AD (75%).
It is equally problematic to use PNFA as a reliable marker of FTLD pathology. While PNFA is often associated with FTLD spectrum pathology, 22 PNFA also can be a clinical manifestation of AD. 6 PNFA is characterized by effortful, agrammatic, and dysarthric speech, but nonfluent speech could be related to limited category naming fluency 23 in AD. Indeed, we found some patients with LPA and patients with PNFA to share clinical features presumed specific for each syndrome. Furthermore, while a syndromic distinction between LPA and PNFA has limited sensitivity (66.7%) and specificity (65%) for pathology, detailed clinical feature tabulation only modestly improved sensitivity without improving specificity. Therefore, our findings do not support the use of syndromic diagnosis or qualitative characterization alone as a predictor for pathology.
Differences in the anatomic distribution of cortical atrophy across clinical phenotypes or pathologic substrates suggested the potential of volumetric MRI analysis as a predictor. We found that patients with AD generally had a temporal-parietal pattern of atrophy, and patients with FTLD had more frontaltemporal atrophy. This pattern is consistent with findings from previous series of aphasic or behavioral/ dysexecutive patients with autopsy findings of AD and FTLD-TDP. 24, 25 Patients with FTLD also had parietal atrophy in this study that could give rise to word-finding deficits in LPA, suggesting again that involvement of common brain regions by different pathologic substrates can result in overlapping clinical phenotype. At the individual patient level, the relative distribution of atrophy performed only as well as qualitative clinical characterization in predicting AD pathology or CSF biomarker.
In contrast, patterns of quantitative neuropsychological performance significantly differed across biomarker/pathology groupings regardless of the syndrome. We previously observed the unique association between relative performance on neuropsychological measures and underlying pathology across syndromes in patients followed to autopsy. 13 This relative difference in performance may reflect differential vulnerability of brain regions to AD or FTLD pathology independent of the dominant syndrome or disease duration, and thus provided superior sensitivity and specificity in predicting the underlying pathology. The syndrome-independent nature of this relative neuropsychological performance may also explain why the composite neuropsychological scores and clinical features may improve prediction of AD pathology or CSF biomarkers synergistically rather than redundantly.
While each predictor alone was useful in pathologic prediction, we reasoned that a combination of these could improve the ability to predict pathology. This combinatorial process has been demonstrated in recent work, 26 although not in a comparative manner. The reduction in false-positive rate that we observed likely results from complementary interaction between neuropsychological testing and other factors, in contrast to the increased false-positive rate when clinical characterization and MRI analysis were combined. Likewise, the combination of all 3 factors improved the overall diagnostic accuracy only modestly. One possible explanation is that multiple factors contributing to a multimodal analysis must be relatively independent of each other to improve the overall predictive power. Regional MRI atrophy did not improve the syndrome-based prediction of underlying pathology nor the most inclusive multimodal predictor model, possibly due to the association between brain atrophy and clinical symptoms. Nevertheless, the modification of a single predictor's performance by another is promising evidence that independent biomarkers can be analyzed in predictive combinations to improve overall diagnostic accuracy. Additional biomarkers under investigation should also be assessed in a combinatorial fashion to maximize their utility, including cerebral amyloid imaging, 27 diffusion tensor imaging, 28 and plasma or CSF proteomics. 29 This study has a number of limitations, including the use of CSF biomarkers as surrogate for pathology. While CSF tau:A␤42 ratio is associated with high specificity over 90%, the modest sensitivity under 85% may have underestimated the number of AD cases within each syndrome. Not all patients had high-resolution MRI, also limiting the sensitivity and specificity contributed by this modality, and automated high-throughput volumetric measurements of specific brain regions-once identified-is currently available only at selected centers. 30 The multimodal combination identified in the current study should be tested in an independent group of autopsyconfirmed patients, and future studies should incorporate other biomarkers for AD, FTLD-TDP, and tauopathies. With these caveats in mind, we propose that the pathology causing nonfluent PPA can be identified by combining qualitative clinical features, quantitative neuropsychological analysis, and MRI pattern of atrophy. 
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